ABSTRACT: Virus-like particles (VLPs) have been created from luminescent Pt(II) complex amphiphiles, able to form supramolecular structures in water solutions, that can be encapsulated or act as templates of cowpea chlorotic mottle virus capsid proteins. By virtue of a bottom-up molecular design, icosahedral and nonicosahedral (rod-like) VLPs have been constructed through diverse pathways, and a relationship between the molecular structure of the complexes and the shape and size of the VLPs has been observed. A deep insight into the mechanism for the templated formation of the differently shaped VLPs was achieved, by electron microscopy measurements (TEM and STEM) and bulk analysis (FPLC, DLS, photophysical investigations). Interestingly, the obtained VLPs can be visualized by their intense emission at room temperature, generated by the self-assembly of the Pt(II) complexes. The encapsulation of the luminescent species is further verified by their higher emission quantum yields inside the VLPs, which is due to the confinement effect of the protein cage. These hybrid materials demonstrate the potential of tailor-made supramolecular systems able to control the assembly of biological building blocks.
■ INTRODUCTION
Self-assembly is a powerful tool for the formation of large molecular architectures, able to perform complex functions. 1−6 An elegant paradigm for the duality of supramolecular morphology and function is represented by the natural virus capsid formation. 7−20 Natural viral capsid proteins (CPs) have a high preference for forming closed capsids, even in the absence of the naturally templating DNA or RNA. 21, 22 As a representative, cowpea chlorotic mottle virus (CCMV) has been extensively explored as a nanocontainer and nanoreactor, with a wide spectrum of cargos including small molecules, 23 enzymes, 24 polymers, 25, 26 micelles, 27, 28 and nanoparticles. 29−34 For electric neutral cargos, a passive encapsulation can be adopted, resulting in distributions of both filled and empty icosahedral virus-like particles (VLPs) with a triangulation number of T = 3 (28 nm in diameter) structure. 27 For negatively charged cargos, a templated encapsulation is preferred, resulting in icosahedral VLPs filled by cargos with diverse structures (T = 1, 2, 3). 23 It should be noted that it is not necessary for the CCMV-based VLPs to be icosahedrons. Rigid covalent polymer-or DNA-based scaffolds are capable of triggering the assembly of CPs around the scaffolds, resulting in nonicosahedral VLPs (e.g., rod-like particles). 18, 35, 36 In spite of numerous studies of virus-based supramolecular nanostructures, a deep and systematic understanding of pathway complexity of self-assembly, as well as the resulting morphology and functionality, is elusive. 37, 38 Modulation of cooperative and competitive driving forces including template− template interactions, template−protein interactions, and protein−protein interactions is essential to access a better control of self-assembly processes and target functions of VLPs. 38, 39 The template effect is one of the most powerful tools for steering the resulting assembly size and shape. 40−43 For instance, templates that employ the comparably strong hydrogen-bonding interaction as a directional organization motif are widely utilized in supramolecular chemistry. 44, 45 Taking advantage of a bottom-up molecular design and assembly, it is feasible to establish an ideal integrative system to gain insights into these complex relationships among structure, morphology, and function.
As the size and shape of self-assembled systems often determine the function (e.g., for proteins and DNA), it is of great importance to develop strategies for the control of the molecular assembly process. 46 In aqueous media, H-bonding and other directional noncovalent bonding motifs (e.g., dipole interactions) are efficiently screened by water as a solvent, 47 which complicates the design of suitable artificial templates. Moreover, hydrophobic and dispersion interactions are nondirectional and energetically rather weak for small-and medium-sized organic molecules. 47−51 For instance, the aqueous self-assembly of common synthetic surfactants such as cetyltrimethylammonium bromide (CTAB) or sodium dodecyl sulfate (SDS) into micelles only occurs at greater than millimolar critical aggregation concentration (CAC). 52, 53 In contrast, many biologically relevant systems form much more stable self-assembled structures in water, CAC ∼ nanomolar to micromolar for typical biological phospholipids. 54, 55 Recently, we have reported Pt(II) complexes capable of selfassembling into different emissive nanostructures.
56,57 Selfaggregation of Pt(II) complexes is promoted in solution by their square-planar geometry as well as π−π and hydrophobic interactions of the ligands and at short distances (<3.5 Å) by Pt−Pt interactions. 58, 59 Thus, it is expected that combining a hydrophobic Pt(II) complex moiety with hydrophilic tails will lead to amphiphiles that form thermodynamically stable selfassembled structures in water.
Here, we demonstrate how assembled amphiphilic platinum complexes can be encapsulated into VLPs or even act as templates to tailor the morphology of VLPs. To achieve our aim, we have synthesized a family of water-soluble platinum complexes which possess a strong emission once they are assembled in solution. The complexes contain a hydrophobic terdentate ligand and a pyridine unit, substituted with tetraethylene glycol or aliphatic chains, as ancillary ligand to complete the coordination sphere of the Pt(II) ion. We describe how, through subtle modulation of the charge, number, and nature (hydrophobic or hydrophilic) of the tails, we can obtain different morphologies of VLPs. In addition, the luminescence of the assemblies is influenced by the formation and by the morphology of the VLPs. The enhanced photophysical properties of the entrapped Pt(II) complexes, that is, the aggregation-state-dependent emission and the role played by the confinement provided by the assembly of the proteins around the Pt complexes' supramolecular structures, allow for facile monitoring of the hybrid virus-like particle formation.
■ RESULTS AND DISCUSSION
Design, Synthesis, and Characterization of Pt(II) Complex Amphiphiles. The Pt(II) amphiphiles were based on a square-planar Pt(II) framework comprising a hydrophobic "head", a terdentate ligand (2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine), and an ancillary pyridine substituted at position 4 with a hydrophilic moiety based on tetraethylene glycol chains or an alkyl chain. The chain can be neutral or negatively charged when terminated with sulfate units (Scheme 1). These compounds display advantageous photophysical properties over its bis(tetrazole)−Pt(II)−pyridine analogue. 60−62 The hydrophilic "tails" were installed on the ancillary ligands through a simple etherification and amidation procedure (see synthesis section in the Supporting Information (SI)) and featured branches (two or three) of tetraethylene glycol that were terminated by −OMe, −OH, or −OSO 3 − groups (order of increasing hydrophilicity). 63, 64 Furthermore, the Pt(II) amphiphile with a much larger hydrophobic part (branched undecyl chains) and sulfate end groups, Pt-2xUSO 4 , was prepared by a different synthetic route (see synthesis section in the SI). The negatively charged systems were isolated as triethylammonium salts, enabling solubility in aqueous as well as organic media (see Tables S2  and S3 in the SI for details). These Pt(II) amphiphiles differ from many other commonly used surfactants by their unusual low CAC in the micromolar range (10−50 μM) that was determined by dynamic light scattering (DLS) (see Table 1 ). For comparison, the CAC (or critical micelle concentration (CMC) in the context of micelles) values of sodium cholate (15 mM), SDS (8 mM), CTAB (0.9 mM), and lauryl glucoside (0.2 mM) are 2−3 orders of magnitude higher than that for the Pt(II) amphiphiles. The low CAC values are due to an interplay of supramolecular interactions such as hydrophobicity, hydrogen bonds, and Pt−Pt and π−π interactions. Therefore, the assemblies are already formed in aqueous buffer at low concentrations, ensuring their role as the template in the formation of VLPs. From DLS measurements, the hydrodynamic diameter (d hyd ) of the resulting assemblies formed by the branched tetraethylene glycol based Pt(II) amphiphiles, such as Pt-3xTOMe, Pt-3xTOH, Pt-3xTSO 4 , and Pt-2xTSO 4 , were in the size range of d hyd = 5−24 nm (Table 1) . The markedly larger size of the noncharged micelles compared to that of analogous negatively charged micelles is in agreement with the observed behavior with different surfactants and the geometric packing model. 65 These complex aggregates can all fit inside the inner cavity of the icosahedral-shaped CCMV capsid (d in ≈ 21 nm for T = 3 particles), as schematically depicted in Figure 1 (see Figure S17 for transmission electron microscopy (TEM) images).
Complex Pt-2xUSO 4 possesses a hydrophobic part much larger than that of the aforementioned amphiphiles (see Scheme 1), balanced by a hydrophilic negatively charged group as the terminal unit. DLS experiments indicated the formation of very large particles (d hyd ∼ 150 nm) upon selfassembly in aqueous buffer, featuring a low CAC of 15 μM. The TEM images (see Figure S16 ) show that the pure complex selfassembles in long fibers (∼100−300 nm) featuring a width of around 6 nm. Similar morphologies were reported by Manners 
24. c CAC concentration determined by DLS at fixed angle and attenuation, CAC error ∼10%. Note: Appropriately dimensioned particles are necessary for the encapsulation into CCMV capsids. The CAC for the presented Pt(II) amphiphiles is here understood as the concentration at which the transition from monomers/smaller aggregates (e.g., dimers) to suitably sized aggregates (e.g., micelles) is occurring.
d Maximum of emission determined by emission spectroscopy with excitation at 375 nm.
e Amplitude weighted average lifetime determined by emission spectroscopy with excitation at 375 nm; τ error ∼1%.
f Emission quantum yield determined with an integrating sphere; φ error ∼5%. h Size estimation by TEM was performed for nonspherical aggregates (see text). i Determination of φ by relative method.
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Article et al. on analogues Pt(II) complexes bearing a single extended polyglycol chain (n = 7−16) at the ancillary ligand, and long fibers were observed only for the longest chain.
66,67
The well-known environment-and aggregation-state-dependent emission properties of square-planar Pt(II) complexes served as a convenient, independent measure for monitoring their self-assembly in aqueous solution. As expected, both the excited-state lifetime and emission quantum yield markedly increase upon formation of aggregated structures above the CAC (Table 1 ). The formed assemblies possess a strong room temperature emission (φ ∼ 14−60%) featuring an extraordinary long excited-state lifetime (up to 550 ns) (see Table 1 and SI for details), in the presence of dioxygen, depending on the molecular structure of the complex. Noteworthy, contrary to common fluorophores, which suffer from aggregation-caused quenching, these platinum(II)-based phosphors render a strong luminescent material at high local and global concentrations due to their aggregation-induced emission properties. Determination of the CAC values through monitoring of the photophysical changes upon dilution of the Pt(II) amphiphiles in aqueous buffered solution yielded CAC values that well correspond to those obtained by DLS (see Table S4 ). 68 However, we noticed that the emission spectra, peaking around 600 nm, always resembled that of the aggregated state of Pt(II) chromophores even upon strong dilution of the formed assemblies to the nanomolar concentration regime. Usually, a weak blue-shifted emission is observed upon molecular dissolution of Pt(II) complexes due to the monomeric species unless the Pt(II) chromophores are covalently tethered together. 56 Consequently, it appears that the Pt(II) amphiphiles can form remarkably stable assemblies (containing possibly only few units) already much below their CAC, confirming the multiple intermolecular interactions.
Icosahedral VLPs Templated by TEG-Branched Pt(II) Amphiphiles. The good aqueous solubility of the Pt(II) surfactants and their low critical aggregation concentrations of 10−50 μM are important requirements for proper encapsulation experiments with CCMV coat proteins. CP isolation from CCMV was accomplished according to the literature. 24, 69 In general, the preparation of VLPs was conducted as follows. First, the capsid proteins and the Pt(II) amphiphiles were mixed in a molar ratio of 1:5 in TRIS pH 7.2 buffer. The electrical neutral Pt(II) amphiphiles (Pt-3xTOMe, Pt-3xTOH) decorated with TEG branches cannot induce the assembly of CPs under neutral pH condition, due to the weak interactions between these amphiphiles and CPs. 70 Therefore, a passive encapsulation, in which the pH value was tuned from 7.2 to 5.1, was adopted to achieve the encapsulation (see encapsulation section in the SI for details). The assembly of VLPs is mainly driven by protein−protein interaction under weak acidic conditions. On the other hand, the negatively charged Pt(II) amphiphiles Pt-3xTSO 4 and Pt-2xTSO 4 underwent encapsulation at pH 7.2 with the CPs, indicating their templating effect. In this case, the assembly of VLPs was driven by the electrostatic interactions between the anionic Pt(II) amphiphiles and the positively charged CPs and by the protein− protein interactions.
Subsequently, the samples were purified and characterized by fast protein liquid chromatography (FPLC). The elution volumes around 10.8−11.3 mL for all samples indicate the formation of VLPs (Figure 2a and SI) . A separation of the VLPs from remaining capsid proteins (17.5 mL) and Pt(II) assemblies was achieved for all samples. The DLS analysis (Figure 2b and SI) confirms the formation of VLPs with d hyd of ∼28 nm for VLP⊃3xTOMe and VLP⊃3xTOH and d hyd of ∼18 nm for VLP⊃3xTSO 4 and VLP⊃2xTSO 4 . To further confirm the estimated results from FPLC and DLS, TEM experiments were performed with uranyl acetate staining. Spherical particles were observed for VLP⊃3xTOMe and VLP⊃3xTOH, with a diameter of ∼28 nm; also, spherical particles for VLP⊃3xTSO 4 and VLP⊃2xTSO 4 but with a diameter of ∼18 nm. The results are consistent with the DLS results (Figure 3a and SI) .
The TEM images show that the filled particles display a spherical shape and an entirely bright contrast, whereas less filled cages appear with a dark contrast in the interior, resembling donuts. While predominantly filled VLPs were observed for the encapsulation with negative Pt(II) assemblies, the neutral analogues resulted in distributions of filled and empty VLPs. This behavior is in agreement with the different capsid formation mechanism, templated versus statistical by pH changes, for negatively charged and noncharged cargos, respectively. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, no staining) analysis reveals a high average atomic number (Z) due to the heavy Pt atoms, shown as bright spots within the dark outer low Z protein shell (Figure 3c ). Accumulated energy-dispersive 
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Article X-ray spectroscopy of a set of particles also displayed characteristic platinum signals (SI).
The average loading of the Pt(II) complex per capsid was estimated from inductively coupled plasma mass spectrometry (ICP-MS) measurements. Approximately 8−20 negatively charged Pt-3xTSO 4 and Pt-2xTSO 4 amphiphiles were encapsulated into one virus capsid, resulting in a high local concentration of 40−100 mM (Table 2) , when assuming an inner diameter of 8.5 nm for the nearly spherical icosahedral T = 1 capsid (V ≈ 321 nm 3 ). The concentration enrichment by a factor of 130−310 of the Pt(II) cargo due to the templating effect is evident. The average occupation for noncharged amphiphiles was much lower (average was 1−4 per virus capsid), pointing also to a mixture of filled and empty capsids.
In particular, upon encapsulation, Pt(II) concentration enrichment for Pt-3xTOMe was very little and only of a factor 4 for Pt-3xTOH (see Table 2 ). The results are in agreement with a passive encapsulation mechanism. The obtained VLPs with either neutral or negative Pt(II) assemblies entrapped inside display a strong room temperature emission around 600 nm, long emission lifetimes (474−620 ns), and high quantum yields (51−57%) (see Figure 2c , Table 2 , and SI), remaining unaffected by dilution or the presence of dioxygen (see photophysical analysis of VLPs in the SI for deaeration experiments). In fact, the photophysical properties of the noncharged Pt(II)-amphiphile-filled capsids resemble that of the self-assembled Pt(II) amphiphiles at high concentrations in aqueous buffer, although the bulk concentrations of Pt(II) amphiphiles are much lower than their CAC (SI, Table S1 ).
The observed photophysical parameters, such as a strong metal/metal-to-ligand charge transfer absorption band at 475 nm and the broad emission profiles peaking around 600 nm, are indicative of Pt−Pt interactions and thus aggregation of the Pt(II) complexes. 60,71−73 These results suggest that the Pt(II) amphiphile species are present at a high local concentration inside the filled virus capsids. The negatively charged VLPs reveal a strong enhancement of their emission quantum yield upon encapsulation into the virus capsids (factor up to 13), leveling off at the maximum values observed for the noncharged Pt(II) amphiphiles and other aqueous self-assembling Pt(II) complexes based on the same terdentate N-metallacycling ligand. 60 This increase in quantum yield of the negatively charged amphiphiles upon virus encapsulation may be due to the high local concentration inside the capsids, 23 which prevents motions of the luminophores, leading to rigidochromic effects. 74 The enhanced rigidity by the immobilization of the negatively charged tail in the positively charged protein shell leads most likely to a decrease in the nonradiative deactivation pathways. 75, 76 Rod-like VLPs Templated by Alkyl-Branched Pt(II) Amphiphiles. Unlike many soft artificial self-assembling systems, CCMV capsid formation is expected to show little propensity for change in shape and size, as this would potentially impact its biological function. The successful entrapment of assemblies constituted by tetraethylene glycol based Pt(II) complexes showed, however, that the morphology of the VLPs is not modified by the loaded species. Indeed, in all cases, a natively shaped icosahedral virus cage was maintained. It turns out that when the size of templates is comparable to or smaller than the inner space of the icosahedral protein cage (∼21 nm), the protein−protein interaction promotes the assembly of CPs into icosahedron particles (T = 1, 2, 3) preferentially. In other words, the high shape persistence of the CCMV capsid formation overpowers the geometric preference of the amphiphile templates. We demonstrate that, through the use of a robust supramolecular template with a large size and a high aspect ratio, the template−protein interactions may force the assembly of CPs to accommodate the preferred shape of the template, resulting in VLPs with tailored nonicosahedron morphology.
To this end, the chemical structure of the Pt(II) amphiphiles was modified such that thermodynamic stable rod-like supramolecular structures were formed by the amphiphiles. Albeit overlooked by the classic packing model, the transition from spherical to extended rod-like assemblies can be triggered when the chain length or solvatophobic nature of a surfactant tail is modified. 65 We utilized this feature by exchanging the a Measurements were performed with the solution isolated from FPLC (see Figure 2a) . b Hydrodynamic diameter determined by DLS. c Local Pt(II) complex concentration calculated from ICP-MS (AES) data for Pt and S.
f Emission quantum yield determined with an integrating sphere; φ error ∼5%. 
Article tetraethylene glycol chains with more hydrophobic alkyl chains (undecyl), retaining the negatively charged, hydrophilic and virus−protein attracting head groups, and the Pt(II) complex core. The chemical structure of the obtained Pt-2xUSO 4 amphiphile is shown in Scheme 1 (see the SI for synthetic procedure). Indeed, self-assembly of Pt-2xUSO 4 in aqueous media leads to the appearance of long (>50 nm) and thin (∼6 nm) rods (see Figure S14) . Their low CAC value and their characteristic photophysical properties were in accordance with a thermodynamically stable, closely packed self-aggregated structure, suggesting that these may be appropriate supramolecular templates that could induce the formation of rod-like VLPs.
As expected, mixing CPs (0.066 mM) and Pt-2xUSO 4 amphiphiles (0.33 mM) resulted in the formation of rod-like assemblies (see encapsulation section in the SI for details). The TEM images of the resultant VLPs display predominantly cylindrical (nonicosahedral) rods (Figure 3b,d) . The obtained rod-like VLPs vary in their length (100−500 nm) but possess a homogeneous thickness around 18 nm, which is comparable to the diameter of a protein icosahedron with T = 1 but larger than that of the self-assembled Pt-2xUSO 4 fibers (6 nm). 77 The apparent enlarged cross section diameter suggested the formation of a protein shell around the Pt(II) complex threads. HAADF-STEM analysis displays a high average atomic number (Z) due to the heavy Pt atoms as bright lines within the dark outer low Z protein shell (Figure 3d ), confirming the presence of Pt(II) inside the shell.
The obtained VLPs show room temperature emission peaking at 600 nm with a quantum yield of 23% and an excited-state lifetime of 462 ns, which are typical features for the assembled Pt(II) complexes (see photophysical analysis of VLPs in SI for details). These fibrous VLPs contained a local, concentration-enriched Pt(II) complex content similar to that of the virus capsids that were templated by negatively charged TEG-branched Pt(II) amphiphiles ( Table 2) .
The mechanism of the formation of rod-like VLPs is not well understood. 12 On the basis of the established quasi-equivalence model of Casper and Klug, 22 one can understand the observed spherical particles as an icosahedral organized protein shell with a triangulation of T = 1 (Figure 1 ). All negative cargos increase the local concentration of protein dimers that facilitate the formation of pentamers-of-dimers. 19 In contrast to the smaller negative assemblies (d hyd < inner CCMV diameter), the larger cargo, based on Pt-2xUSO 4 (d hyd > inner CCMV diameter), perturbs the curvature for the formation of icosahedral T = 1 particles (Figure 1 ). The misalignment of pentamers avoids the closure to a spherical (icosahedral) particle, leading to elongated subunits that allow for rod-like structures via protein−protein interactions. The VLPs therefore can grow long while retaining their thickness. While our findings and explanations are in agreement with the observation and theories of other groups, 77, 78 further experiments are ongoing in our laboratories to confirm the proposed mechanism.
■ CONCLUSION
Water-soluble Pt(II) amphiphiles decorated with tetraethylene glycol branches and sulfate groups were synthesized and probed for their self-assembly properties. The luminescent Pt(II) complexes are soluble in organic and aqueous buffered solution. In buffered solution, intense room temperature emission was observed also at low concentrations because of the selfassembly of the Pt(II) complexes. The assemblies have been used to template CCMV proteins, yielding luminescent viruslike particles. A remarkable enhancement of the photophysical properties was observed for the negatively charged amphiphiles, rendering a VLP quantum yield of 57%. We gained a deep understanding of correlations among molecular structure, supramolecular architecture, and on the formation of VLPs. Taking advantage of the modulation of multiple interactions between templates and capsid proteins through the molecular design, it is possible to manage the self-assembly process resulting in tailored morphology of VLPs as well as functionality. The negatively charged platinum compounds induced a templated formation of VLPs, which can be icosahedral or nonicosahedral (rod-like) depending on the molecular structure of amphiphilic templates. To the best of our knowledge, this is the first example where a supramolecular material (self-assembled Pt(II) complexes) induces a shape change in the CCMV capsid formation. We envisage that different supramolecular templates can lead to a variety of shapes and stabilities of VLPs, which in turn can have a strong impact in biomedical applications.
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